The distribution of clay particles in the spherulitic texture of poly(Llactide)/clay hybrids crystallized isothermally at 140°C has been investigated by use of energy-dispersive X-ray microanalysis. After crystallization of the hybrids, the clay particles were found to distribute with almost constant concentration along the radial direction of the spherulites, i.e., they are still kept in stacked state inside the spherulites without any segregation during crystallization. The concentration distribution of the clay particles showed that these particles were incorporated into the spherulitic texture of the crystallized hybrids.
Introduction
Polymer/clay hybrids (PCHs) have shown a high potential for ever-expanding versatile applications [1] . Those hybrids loaded with a few per cent of nanometersized clay minerals have revealed a remarkable enhancement in dimensional stability, gas barrier performance and mechanical properties as compared with conventional microcomposites [1, 2] .
The enhancement in mechanical properties of PCHs is mainly associated with both the uniform dispersion of clay in the matrix at nanometer scale and the extent of intercalation of polymer chains between silicate layers [3] . In addition, the clay particles may segregate towards the boundary zone of adjacent spherulites during crystallization of matrix polymers, thus reinforcing the spherulitic texture [4] . However, for this controversial context, limited studies have been carried out so far to investigate the supramolecular structures of PCHs in detail. In the case of poly(L-lactide)/organomodified clay hybrid systems (PLACHs), Pluta et al. reported the inclusion of clay particles within spherulites of the PLLA matrix [5] . However, the details on the distribution of clay particles in the spherulitic texture have not been established yet. To know the distribution of clay particles in the spherulitic texture should be important for evaluating property-structure relationship of PCHs.
We have reported in our previous papers the dispersion characteristics of clay particles in intercalated poly(L-lactide)/organo-modified hybrid systems (PLACHs) [6, 7] . Those systems showed a uniform dispersion of homogenous alkyl surfactantmodified clay particles in the poly(L-lactide) matrix (PLLA) and the intercalation of extended PLLA chains between silicate layers. In this study, we describe the distri-1 bution of clay particles in the spherulitic texture of PLACHs crystallized at elevated temperature.
Experimental part
The montmorillonite powder (Kunipia-F, chemical composition: Na 0.33 [Al 1.67 Mg 0.33 Si 4 O 10 (OH) 2 ]) [8] with cation exchange capacity of 108.6 meq/100 g, and dimethyldioctadecylammonium-modified clay (modified Kunipia-F) were kindly supplied by Kunimine Co., Japan. The commercial grade PLLA polymer, kindly supplied by Unitika Co. Ltd., contained more than 99% of L isomer. The hybrids were prepared via melt-compounding of PLLA with natural or modified clay at 190°C in an intensive mixer (counter-rotating mixer, Labo Plastomill, Model 30C150, Toyoseiki Co., Japan). The inorganic content (W F ) of each composite was measured by burning the composite samples at 550°C in an electric furnace (Model 1525PKP, Motoyama Co. Ltd.). The samples used in this study are PLLA/dimethyldioctadecylammoniummodified clay hybrids (Cx, x = 1, 2, 3, 4). The codes denote the hybrids composed of different amounts of clay particles. Neat PLLA and PLLA/natural clay composite (NC) are also used as controlled samples. Molecular characterization was carried out on a gel permeation chromatograph (GPC: Jasco 860-CO GPC/HPLC) using tetrahydrofuran (THF) as a carrier at 40°C with a flow rate of 1 ml/min and polystyrene (PS) as elution standard. For the GPC tests, each composite was dissolved in THF to make an approx. 0.5% solution, followed by filtering through a 200 nm-pore-size filter to remove completely the clay from the solution. The characteristics of the hybrids are listed in Tab. 1. The structural characteristics of the clay particles dispersed in the composite samples were characterized by wide-angle X-ray diffraction (XRD). The XRD profiles were collected in a digital form by use of a RAD-rA diffractometer (Rigaku Co.). Ni-filtered Cu-K α radiation (λ = 0.1542 nm) was generated at 40 kV and 100 mA. In a θ -2θ mode, the samples were scanned by use of a step-scanning method with a stepwidth of 0.05° and 4-s intervals for the diffraction angle 2θ in the range 2 -35°.
To clarify the dispersed state of clay particles in the PLLA matrix, we observed the cross-section of the PLACH bulk samples. Thin layers of around 70 nm thickness were cut from the samples at room temperature with a Reichert ultra-microtome 2 equipped with a diamond knife. The microtomed samples were then observed by use of a transmission electron microscope (TEM, Philips, CM-300) operated at an accelerating voltage of 200 kV.
For the measurement of the clay distribution in spherulitic texture, the samples were prepared as follows. At first, NC, Cx and PLLA were pressed into sheets of ≈10 µm thickness between polyimide films (Kapton ® HN, Toray-Du Pont Co.) with a laboratory hot press at 190°C applying ≈100 MPa pressure for 3 min. The samples (3 × 3 mm 2 ) were then cut and mounted on a glass substrate. On the Linkam hot-stage (THM-600) equipped with a N 2 purge, the samples were melted at 200°C for 5 min, then cooled rapidly to 140°C at a rate of 60°C/min and isothermally crystallized for 7 -10 h. The samples prepared were coated with Au to a metal thickness of about 10 nm in an ion-sputtering coater (JEOL JFC-1100). Essentially, specific X-rays from Au do not overlap in the energy levels with those chemical elements expected in the samples, although they may increase the background noise. The samples were investigated within a scanning electron microscope (JEOL JSM-6330F, SEM) equipped with an energy-dispersive X-ray spectroscope (JEOL Super Mini-cup, EDS) (SEM-EDS). The data obtained were analyzed with a personal computer (JEOL JED-2140) with EDS-ZAF correction software [9] 
Results and discussion

Clay distribution in spherulitic texture
On the XRD profile of the NC sample, we observed the diffraction peak of the (001) reflection plane of natural clay at 2θ ≅ 9.15° (d 001 ≅ 0.97 nm); the peak of the clay still remains almost at the same position before and after melt-compounding. The shape of the diffraction peak also appears to be unaffected by melt-compounding with PLLA. This result implies the immiscibility between natural clay and PLLA. We thus conclude that a microcomposite is formed from PLLA and natural clay. A similar result was reported by Pluta et al. [5] . For all the Cx samples, we still identified the diffraction peaks for (001), (002) Obviously, in Fig.1 we find several-µm-sized agglomerates in the natural clay aggregate NC. Additionally, polarized optical micrographs of the molten NC sample (not shown here) also revealed that the size of the agglomerates of clay particles observed is as large as 90 -150 µm and the distance between two neighbouring agglomerates is around 110 µm.
On the other hand, in Fig.1b and c we see that modified clay particles of about 10 nm thickness and 200 -2000 nm length disperse uniformly in C1 and C4. In addition, with increasing clay content the clay platelets show a tendency of stacking. The thicker clay particles in C4 indicate a less dispersed state as compared with those in C1. Tab. 3 indicates that no traces of Na, Mg, Al and Si are found in the PLLA sample at all. This result is reasonable because no clay exists in this sample. On the other hand, these four elements are clearly detected in NC and Cx with different concen-trations. For the minor and light elements such as Na and Mg, the concentrations obtained are low enough in the range of the minimum detection limit (≈ 0.1 wt.-%) [9] so that the higher values obtained for Al or Si should be utilized to characterize the distribution of clay particles. In this study, the weight concentration of Si (W Si ) in the samples is employed for this purpose. It should be noted that W Si obtained in Cx is a relative value because the concentration of Au is also taken into account. The absolute values of W Si in Cx can be obtained by eliminating the concentration of Au from calculation of element weight fraction. The depth of X-ray production (R X ) for the elements contained in the samples used in this study was approximately calculated with Anderson-Hasler's equation [9] given as follows:
where R X , ρ, E 0 , E C are the depth of X-ray production, density, incident electron beam energy and irradiated X-ray energy, respectively. The value of R X has units of µm when E is in keV and ρ is in g/cm 3 ; R X is calculated to be 2 -3 µm. Although the quantitative analysis of chemical composition with the EDS method for this case is limited within this R X depth, the samples with large spherulitic diameter of ≈ 600 µm and thickness of ≈ 10 µm provide sufficient information on the distribution of clay particles. If segregation of the clay towards the boundary of the adjacent spherulites takes place, it will cause the different W Si along the radial direction of the spherulites due to the large difference in their diameter and length.
Clay content in the hybrids
The inorganic content of the composite may be roughly calculated from W Si on the assumption that the inorganic part in composites has the approximate chemical composition Al 1 
Conclusion
In this study, we determined the distribution of clay particles in the spherulitic texture of PLACHs. From the constant W Si or clay content in the entire spherulites, we conclude that no segregation of clay particles towards the boundary of adjacent spherulites takes place during the crystallization of PLACHs at all.
